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The conditions of formation of amphotericin B-cholesterol or -ergosterol complexes in monolayers are 
investigated by the penetration into a monolayer of egg phosphatidylcholine/sterol of 14C-labelled N- 
fructosyl-amphoteriein B dissolved in the aqueous subphase. An increase of both surface pressure and 
radioactivity as a function of concentration are observed simultaneously while a 'saturation' effect occurs 
only for the surface pressure. The experiments are not accurate enough to make conclusions about the 
number of actually penetrated amphotericin B molecules. Therefore, the existence of an amphotericin 
B-sterol complex was evidenced from a study of surface pressure area per mob,cul~ isotherm. T'ne re~ul~ 
indicate that a complex with a 2:1 stoichiometry is formed and that the amphotericin B-er~osterol 
interaction is larger than the amphotericin B-cholesterol interaction. The complex is dissociated by addition 
of egg phosphatidylcholine due to a competition between egg phosphatidylcholine and amphe~orh,!n. B for 
sterol. 

Introduction 

Amphotericin B, a polyene macrolide, is an 
antibiotic ionophore known to interact with cell 
plasma membranes, inducing a large permeability 
to ions and small non-electrolytes, eventually lead- 
ing to cell death. The action of amphotericin B 
depends on the presence of sterol. It has been 
shown, with both bio!o~cal membranes and their 
lipidic models, that ergosterol-containing mem- 
branes are more sensitive than cholesterol-contain- 
ing ones, which is the basis for its use in anti- 
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fungal chemotherapy [1]. This selective toxicity for 
ergosterol-containing membranes is rather poor 
for amphotericin B itself but has been found to be 
greater for the amphotericin B derivatives whose 
carboxyl group in the C-18 position on the macro- 
fide ring is blocked by substitution, such as 
amphotericin B methyl ester [2,3]. 

The mechanism of action of polyene at the 
membrane level is poorly understood. Two mecha- 
nisms have been proposed accounting for the 
necessity of sterol. In the first one, the action of 
sterol is indirect. Indeed the interaction between 
polyene and membranes would require a particu- 
lar ordered state in the monolayer and the 
pc~,~tration of polyene molecules would be facili- 
tated by phase boundarydefects, both phenomena 
induced by stcrol [4-6]. The second mechanism, 
most generally accepted, is the formation of 
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amphoteriein B-sterol complexes which would be 
organized in channds [7,8]. Polyene-sterol com- 
plexes have been demonstrated and their 
stoichiometry defined in the case of filipin, a small 
ring polyene [9]. However, in the case of ampho- 
tericin B or nystatin evidence of a complex is not 
clear [10]. The stoichiometry experimentally found 
in the literature varies from 1 : 4 to 1:0.7 because 
the various methods used do not allow the distinc- 
tion between amphotericin B molecules that have 
actually penetrated into the phospholipid bilayer 
and molecules only adsorbed on the polar surface 
of the iayer. Moriolayer studies app.e~ te be ? 
useful approach to this question. Demel and co- 
workers [11,12] first measured the effects of vari- 
ous polyenes on the surface pressure of lipidic 
monolayers. Ockman [13], studying polai'ized ab- 
sorption spectra, was able to relate the surface 
pressure effect of amphoteriein B on monolayers 
to its orientation and extent of penetration. 

In this investigation, the actual penetration of 
polyene in monolayers was directly measured using 
two a4C-labelled derivatives of amphotericin B, 
fructosyl-amphotefiein B whose physicochemical 
and biological properties are very similar to those 
of amphotericin B itself [3] and fructosyl-ampho- 
teri_'cin B methyl ester, a very close analog of 
amphoterieha B methyl ester. In order to ascertain 
the existence of amphoteficin B-sterol complexes 
as well as to estimate their stoiclfiometry inside 
the membrane, a systematic study of surface pres- 
sure versus area per molecule on monolayers were 
made from various binary mixtures (amphotericin 
B and sterol), as well as ternary mixtures (ampho- 
tefic;m B, sterol, egg phosphatidylcholine) and in- 
terpreted in terms of classical thermodynamics of 
monolayers of defined composition. The results of 
this study define more precisely the mechanism of 
polyene interaction with membrane and the condi- 
tions in which polyene-sterol complexes form. 

Material and Methods 

Antibiotics and derivatives 
Amphotericin B was a Squibb & Son (Prince- 

ton, NY) product and its derivative amphotericin 
B methyl ester was prepared by methods described 
previously [14]. Radiolabelled (14C) ampho!ericin 
B derivatives N-fructosyl-amphotericin B and N- 

fructosyl-amphotericin B raethyl ester were pre- 
pared according to a previously described method 
[15] using [14C]glucose (uniformly labelled) and 
checked for purity by chromatography. The 
specific activity was 14 mCi/mmol. 

Lipids 
L-a-Phosphatidylcholine was prepared from egg 

yolk according to the method of Patel and Spar- 
row [16]. 

Cholesterol and ergosterol were supplied by 
Fluka. Both sterols were recrystallized twice in 
ethanol before use. 

Methods 
The radioactivity emitted by the 14C-labelled 

amphotericin B derivative was monitored using a 
gas flow (90% argon, 10% methane) counter. The 
fl emission of 14C (0.56 MeV) has a mean free 
path of 300/xm. The measurements were carried 
out as follows: [14C]glucose of the same specific 
activity and concentration was introduced in the 
subphase together with radioactive polyene deriva- 
tives. The number, n, of counts attributable to 
polycne was taken as n = C T - C G where CT and 
C,j are respectively the total number of counts 
and the number of counts for glucose alone, n was 
measured within 95% confidence limits (n > 
2 C~-~-r + 2 CcrC-~). Calibration was obtained using a 
known amount of radioactive material spread dry 
on metallic surfaces of known area. From these 
values, the number, 6, of polyene molecules per 
cm 2 was calculated. A known amount of sterol/egg 
phosphatidylcholine was spread from a solution in 
ctdoroform/ethanol, on 100 ml of an aqueous 
subphase of 35 cm 2 area, up to a given pressure 
(Po = initial pressure). The polyene solution (in 
dimethylformamide) was introduced in microliter 
quantities through a side arm in the subphase 
which is continuously stirred with a teflon-coated 
magnetic stirrer. Then, the variation of the surface 
pressure due to penetration of amphotericin B in 
the monolayer was determined from surface ten- 
sion measurements (Wilhelmy wettable plate 
method) using a platinum blade connected to a 
force transducer (Hewlett Packard). P and 6 were 
measured simultaneously on the same film. 
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For isotherms of mixtures the surface pressure, 
P, was directly measured by means of a displace- 
ment transducer (Kaman) using a Langmuir 
through with an area of about 300 cm 2 designed in 
the laboratory. The spreading was made from the 
same organic solution as above. 

Experimental results 

Amphoteficin B shown in Fig. 1 is an 
amphiphilic and zwitterionic molecule. When the 
carboxyl group is esterified by a methyl group, the 
molecule is positively charged and is called 
amphotericin B methyl ester. The radiolabelling 
by a fructosyl group increases slightly the solubil- 
ity in water of f:-,.~,,:osyl-amphotericin B with re- 
spect to amphote~:dn B, but the ionophoric bio- 
logical properties of the two molecules are equiv- 
alent [31. 

/ '  
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Fig. 2. Evolution of the surface pressure, P, and of the 
number, 8, of polyene molecules adsorbed per cmz with in- 
creasing polyene concentration in the subphase in mixed 
monolayer~. Open symbols, cholesterol/egg phosphatidylcho- 
line 20:80; closed symbols, ergosterol/egg phosphatidylcho- 
line 20: 80, P, solid lines; 8, dotted lines. Fru AMP, fructosyi- 

amphotericin B. 

Penetration experiments 
The surface pressure, P, and the number, 8, of 

polyene molecules per cm 2 were measured as a 
function of polyene concentration in the sub- 
phase, which was increased by successive ad- 
ditions from 8.10 -7 to 10 -s reel-1 -t. Pre- 
liminary experiments showed that 6 values be- 
come stable after 30 rain following polyene ad- 
dition in the subphase and did not vaD' signifi- 
cantly during 15 h, indicating the absence of 
long-term reorganization. 

In Fig. 2 the results obtained with fructosyl- 
amphotericin B in cholesterol/ and ergosterol/ 
egg-phosphatidylcholine mixed monolayers (20 : 80 
reel/reel) are plotted. The initial pressure, Po, 
before polyene addition was 12 + 0.1 r aN-m-k  

~--~-o ,.~-~cH~ 
H 3 C ~ C ~  

Net electric 
Compound X Y ghc~rge (pH 7) 

~rnp~tericin 15 CO0" NH~ O { ~ 

Amphotericin B methyl ester COOCH~ NH 3 ÷ 

FructoSy= - amphotei-i¢in B COO" NH2--CeOfl H11 O ( *- ) 

FructO~/I - ampho~ericin B COOCH 3 NH.~=C6OsH~I * 
methyl ¢,.~te¢ 

Fig, t ,  St ructure o f  a m p h o t e d c i n  B ( A M B )  and i ts der ivat ives.  

In this figure, P (left-hand-side ordinate) and 8 
(right-hand-side ordinate) are plotted versus 
fructosyl-amphotericin B concentration in the sub- 
phase. In both cholesterol- and ergosterol-contain- 
ing monolayers, the surface pressure P increases 
rapidly with fructosyl-amphotericin B concentra- 
tion and reaches a maximum value of 22 + 1 mN. 
m -1 for a concentration of about 2 . 3 . 10  -6 mol. 
1-1. On the other hand, the number of polyene 
molecules in the interfacial layer increases con- 
tinuously, well beyond the concentration at which 
P itself becomes constant, independent of con- 
centration. 

Similar behaviour was observed both qualita- 
tively and q:,.antitatively for fructosyl-amphotefi- 
tin B methyl ester, which is positively charged, 
The maximum P (22 raN. m -~) value reached 
was approximately the same as with fructosyl- 
amphotericin B at the same concentration in the 
subphase. However, 6 values were found to be 
different for the two polyenes. At the same 4.10 -6 
reel-1-1 concentration in the subphase (at which 
in both cases P was already maximum), 8 were 
equal to (0.38 + 0.01), 1014 and (0,22 -4- 0.0I) • 1014 
molecules.cm -2 (Fig. 2) for fructosyl.ampho- 
tericin B in cholesterol- and ergosterol-containing 
monolayers respectively, whereas the correspond- 
ing values for fructosyi-amphotericin B methyl 
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Fig, 3. Evolution of the surface pressure P and of the number 
8 of polyene molccul¢~ adsorbed per cm 2 with increasing 
polyene concentration in the subphas¢ on a cholesterol/egg 
phosphafidylcholine mixed monolayer (20: 80), starting from 
initial surface pressures of 6, 12 and 20 m N . m - l . P ,  solid 

lines, 8, dotted lines. Fru-AMB, fructosyl-amphotericin B. 

ester were (0.15 + 0.01)- 1014 and (0.40 + 0.01)- 
10 t4 ( cu rves  not represented). 8 was shown to be 
strongly dependent on the initial surface pressure 
of the monolayer. In Fig. 3 are plotted the results 
obtained on cholesterol/egg phosphatidylcholine 
monolayers whose Po values were 6, 12 and 20 
InN. m -1 upon addition of increasing concentra- 
tions of fructosyl-amphotericin B. Whatever its 
initial value, the evolution of P with polyene 
concentration was the same and reached the same 
maximum value at the same polyene concentra- 
tion. The evolution of the curves as a function of 
the concentration was the same in all three cases 
but the 8 values were quantitatively very differ- 
ent: the higher the P0, the lower the 6 values. At 
4-10 -6 reel. l -t,  8 values were (0.02 =i= 0.02)- 10 t4 
(Po:20 raN.m- t ) ,  (0.40±0.05).1014 (Po:12 
m N . m  -1) and (1.104-0.05)-1014 (Po:6 raN- 
m - l ) .  

is not very sensitive to the sterol concentra- 
tion in monolayers, as shown in Table I, in which 

values obtained for fructosyl-amphotericin B 
methyl ester and fructosyl-amphoteficin B at the 
same concentration (4.10 -6 reel. i -1) in the sub- 
phase are given for monolayers containing from 0 
to 100 reel% cholesterol. 8 values are not signifi- 
cantly different from 20 to 80 reel%. They are 
smaller by a factor of two in sterol-free mono- 
layers and larger by the same factor in pure 

cholesterol monolayers. The penetration in a~dxed 
egg-phosphatidylchoFLne monolayers of the two 
amphotericin B derivatives, fructosyl-amphoteri- 
cin B, whose physicochemical properties and bio- 
logical activity are quite similar to araphotericin 
B, and fructosyl-amphotericin B methyl ester, ap- 
pears quite comparable. In both cases, penetration 
increases linearly in relation to with polyene con- 
centration in the subphase aad does not depend 
upon sterol concentration. Moreover, the quanti- 
tative differences between the penetration of the 
two polyenes in ergosterol- and cholesterol-con- 
taining monolayers are not very important. Within 
the fimit of accuracy of radio lctive measurements, 
there is no indication of any preferential 
sterol-polyene interaction. The prominent fea- 
tures of the penetration are that it strongly de- 
pends on the initial pressure of the film and that 
this penetration increases with polyene concentra- 
tion well beyond the point where the pressure of 
the monolayer has reached its maximum value. 

The radioactivity measurements cannot make 
the distinction between molecules that have actu- 
ally penetrated or molecules only adsorbed. In 
order to obtain more information about the be- 
haviour of polyenes in monolayers, systematic and 
more precise determinations of pressure versus 
area per molecule isotherms (P-A) were carried 
out. 

Isotherms of mixed monolayers 
From surface pressure measurements we studied 

mixed monolayers of amphotericin B with mere- 

TABLE I 

BINDING TO MIXED MONOLAYERS AS A FUNCTION 
OF CHOLESTEROL CONTENT 

X = cholesterol/cholesterol + egg phosphalidylcholine; EPC+ 
chol = egg phosphatidylcholine + cholesterol (molec.cm- 2 × 
10'4); Fru-AMB = fructosyl-amphotericin B (molec.cm -2 x 
1014); F m - A M E =  fructosyl-amphotericin B methyl ester 
(molec.cm -2 x 101'*). 

X EPC+chol P ( m N - m  -~) FnI-AMB 'Fru-AME 

0 1.16 21 +0.5 0.16+-0.01 0.12+-0.01 
20 1.46 21.5 + 0.5 0,38 ± O.Ol 0,15 +-0.01 
50 1.98 21.5 : t :O.5 0.32+0.01 0.145:0.01 
72 2.28 21 +0.5 0.385:0.01 0.184-0.01 
83 2.4 22 4-0.5 0.31--0.01 0.24+-0.01 

100 2.6 30 :i:0.5 0.'/05:0.01 0.49+0.01 



481 

2{2 

¥ 

o. 

l r  

' 03 06 0 9  '~2 15 8 

A r t n  2 motet ") ,,, 

Fig. 4. Surface pressure versus area per molecule isotherms of 
amphotericin B (AMB), spread on 10 - t  mol-1-1 NaCi at pH 
5.6 and t = 22 ° C. (a) First rapid compression; (b) decompres- 
sion; (c) second rapid compression; (d) first slow compression. 

brane components. The existence of an eventual 
amphotericin B-sterol complex and its stoichiom- 
etry were deduced from the study of amphotericin 
B/sterol mixtures. The stability oJ' the amphoteri- 
cin B-sterol complex in the membrane and even- 
tual competition with other membrane compo- 
nents were investigated using egg phosphati- 
dylcholine/amphotericin B/sterol, egg phos- 
phatidylcholine/amphotericin B and egg phos- 
phatidylcholine/sterol mixtures. 

Amphotericin B / sterol mixtures. The behaviour 
of the monolayer is rather typical of a rigid mole- 
cule for sterol but not for amphotericin B. There- 
fore the properties of pure amphotericin B were 
investigated. Fig. 4 shows the surface-pressure area 
per molecule isotherms (P-A) of amphoter~cin B 
spread on an aqueous solution of 10 -1 mol. ! - l  
NaCi at pH 5.6 and t = 22°C. During a rapid 
compression (Fig. 4, curve a) at 0.1 nm2/molecule 
per rain, the lift-off occurs at approx. 2 
nm2/molecule. Then, a plateau region occurs from 
approximately 0.5 to 1.0 nm 2 depending upon the 
rate of compression. Above the plateau region the 
slope increases precipitously and the limiting area 
per molecule was calculated to be approximately 
0.25 nrn ~'. During decompression (curve b), the 
pressure decreases rapidly and reaches zero at an 
area below 0.8 nm 2. If the same monolayer is 
compressed again (curve c) the lift-off is at about 
1.1 nm 2 while at ver.f ~ ' ;h  pre.~sure the limit area 
per molecule is smaller thml that in the first 

compression and is approx. 0.15 nm 2. When the 
isotherm is recorded with a slow compression rate 
(0.05 nm2/moleculc per rain, curve d), the plateau 
length is reduced and the area per molecule re- 
ached at very high pressure is smaller than in the 
case of a rapid compression. 

An evaluation of the cross-section of a mole- 
cule estimated from molecular models gives a value 
of about 1.8 nm 2, when the polar moiety of the 
ma,~rolide ring of amphotericin B is in contact 
witi~ water and the hydrophobic chain outside 
(lying form), and 0.55 nm 2 when both of them are 
perpendicular to the air/water interface (erect 
form). Whatever the compression rate may be, at 
very high pressure the limiting area per molecule 
is smaller than the minimum cross-section of the 
molecule, indicating that some desorption occurs, 
due to the high solubility of the tmmerous polar 
gr,.mps in water. The plateau could be due to a 
progressive change in the orientation of the mole- 
cule, from a lying to an erect form, and to the 
desorption of the molecule into the' water. 

The P-A isotherms were recorded for ampho- 
tericin B/cholesterol mixtures spread on 10 - t  tool 
• 1 - ~  NaCI at pH 5.6 (Fig. 5). Similar curves were 
obtained with amphotericin B/ergosterol mixtures 
(data not shown). For a given pressure the areas 
per molecule at the same mole fraction were larger 
with ergosterol than with cholesterol. At high mole 
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Fig, 5. Surface pressure versus area per molecule isotherms of 
amphotericin B (AMB)/¢holesterol mixed monolayer spread 
on 10-1 reel. l-l NaCl at pH 5.6 and I = 22 ° Co The curves 
were continuously recorded. The symbols are used only to 
designate the composition of the films (X = mole fraction). 

For the sake of clarity only selected isotherms are given. 
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fraction of amphotericin B the curves were sim:.lar 
to those obtained with pure amphotericin B, with 
a similar plateau region and desorption at high 
pressure. At low mole fraction the curves were 
similar to those obtained with pure cholesterol 
Within the mole fraction range 0.6-0.7, isotherms 
were characteristic and very different from the 
others, without a plateau region, with only a 
shoulder at about 20 InN-m -t,  without desorp- 
tion until this pressure, which could indicate some 
intecaction for a stoichiometry of 0.66. 

In order to reveal the interaction between the 
two components of the mixtures, the mean area 
per molecule was plotted as a function of the mole 
fraction of amphotericin B at a given pressure. In 
these plots a straight line corresponds to additivity 
m.~d any deviation from this line corresponds to an 
interactio~ at two or three dimensions. 

Two extreme pressures were chosen (Fig. 6): 5 
inN. m -~, for which amphotericin B molecules 
are in lying form, and 20 raN-m -~, a prc.ssur¢ 
close to the equilibrium pressure in the lameilar 

phases model of the biological membrane, for 
which the molecules are in 'erect' form. At P = 5 
mN. m-t  the additivity rule is not observed with 
either cholesterol (Fig. 6a) or ergosterol (Fig. 6b). 
A change in the slope was observed between the 
mole fraction 0.6 and 0.7. The explanation could 
be that amphotericin B molecules are in the 'lying' 
form at high amphotericin B mole fractions and 
'erect' form below a mole fraction equal to 0.6, 
because in this region the area per molecule for 
amphotericin B is extrapolated to be much smaller. 
Thus, with sterol, even at low pressure, ampho- 
tericin B is shown to be in the erect form. The 
deviation from the straight line is larger for 
ergosterol than for cholesterol. At P = 20 inN. 
m-1 a similar interpretation is impossible at high 
amphotericin B mole fractions, because of dcsorp- 
tion in the aqueous subphase. Nevertheless, up to 
0.6 mole fraction the slope of the curve increases 
and, assuming the incompressibility of the sterol, 
the caicuiation shows that amphotericin B areas 
are respectively 0.81 nm 2 and0.92 nm 2 for the 
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Fig. 6. Mean area per molecule versus mole fraction of amphoteficin B (AMB). (a) Amphotericin B/cholesterol rn~ed monolayer at 
P=5  mH'ra-1; (b) amphotericin B/ergosterol mixed monolayer at P=5  raN.m-t; (c) amphotericin B/cholesterol mixed 

monolayer at P = 20 raN- m- i; (d) amphotericin B/ergosterol mixed monolayer at P = 20 raN. m- 1. 
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amphotericin B/cholesterol (Fig. 6c) and ampho- 
tericin B/ergosterol mixtures (Fig. 6d), instead of 
0.25 nm 2 as in the case of the pure amphotericin 
B. Thus, these features are in agreement with what 
was observed at low pressure: that is, that the 
presence of sterol prevents the desorption of 
amphotericin B, probably because of an interac- 
tion between amphotericin B and sterol. A maxi- 
mum area per molecule is observed for the molar 
fraction of amphotericin B o f0.66. It is concluded 
that an amphotericin B-sterol complex with a 2 : 1 
stoichiometry is formed. Because the desorption of 
amphotericin B is smaller with ergosterol than 
with cholesterol, we can conclude that the 
amphotericin B-ergosterol interaction is larger 
than the amphotericin B-cholesterol interaction. 

In order to ascertain the location and nature of 
the interaction, amphotericin B was replaced by 
amphotericin B methyl ester. It has been hy- 
pothesized that the interaction with sterol is dif- 
ferent for amphotericin B and amphotericin B 
methyl ester [2]. The amphotericin B methyl es- 
ter/cholesterol mixture isotherms (P.A) are 
plotted in Fig. 7. The amphotericin B methyl ester 
isotherm (P-A) resembles that of amphotericin B 
but the pressure of the plateau is higher (13 inN. 
m -1) and it is impossible to compress as far as 20 
raN. m- t  because the molecules become desorbed 
due to the charged polar group of the amphoteri- 
c~_n B methyl ester. This strong desorption makes 
the interpretation of amphotericin B methyl 

,,1 ,,,.= x AME 
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= , . L • ,, 7, 
o.~ Q6 09 ~2 a '~ ~.8 

A I'lm ;t mo lec  "1 

Fig. 7. Sur ia~  pressure versus mean urea per molecule iso- 
therms of amphotedcin B methyl ester (AME)/cholesterol 
mixed monolayer spread on 10-1 mob ! - I  NaC! at pH 5.6 and 

t = 22°C. X =  mole fraction. 
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Fig. 8. Mean area per molecule versus mole fraction of 
amphotericin B methyl ester (AME) at P = 20 mN-m ~ i of 
mixed monolayer: (a) amphotericin B-methyl ester/cholesterol 

(*); (b) amphotericin B methyl ester/ergosterol (O). 

ester/sterol mixture isotherms difficult. Neverthe- 
less the curve area versus the mole fraction of the 
amphotedcin B methyl ester/cholesterol mixtures 
(Fig. 8a) showed that at P = 20 raN. m -t  the 
mean molecular area decreases while the ampho- 
tericin B methyl ester mole fraction decreases, 
when it should increase if there was no desorption. 
The same effect, but of smaller magnitude, was 
observed with ergosterol. 

We can conclude that if there is an interaction, 
this interaction is weaker with amphotericin B 
methyl ester than with amphoteridn B, but 
stronger with ergosterol than with cholesterol. 

'Pseudo.binary' mixtures. It is interesting to ex- 
amine the behaviour of the amphotericin B-steroi 
complex in the presence of egg phosphatidylcho- 
line, under conditions close to the composition of 
biological membrane. 'Pseudo-binary' mixtures 
were studied where the composition of the com- 
plex was kept constant (0.66) and the mole frac- 
tion of egg phosphatidylcholine was variable. 

The isotherms of these mixtures (amphotericin 
B-cholesterol)/egg-phosphatidylcholine are repre- 
sented in Fig, 9), The curves with ergosterol are 
very similar. At pressures below 15 mN. m- i  the 
complexity of the isotherms was such that inter- 
pretation was very difficult. At higher pressures 
we could expect that the isotherms of the different 
mixtures would be recorded between the pure 
complex a n d  pure egg-phosphatidylcholine iso- 
therms. However, the addition of a very small 
amount of egg phosphatidylcholine to the complex 
(mole fraction of complex 0.95) drastically mod- 
ified the trend of the curves. A very small mean 
area per molecule was obtained simultaneously 
with a long plateau, probably due to desorption of 
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Fig. 9. Surface pressure versus mean area per molecule iso- 
therms of 'pseudo-binary" mixture of amphotericin B--cho- 

lesterol (2:1)/egg phosphatidyicholine. X = mole fraction. 

the complex or of its constituents. Tb.is desorption 
is clearly seen in Fig. 10 where the mean area per 
molecule versus the mole fraction of complex at 
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Fig. 10. Mean are per molecule versus mole fraction of the 
complexes at P=20 mN.m -1 of mixed monolayer: (a) 
amphoteficin B-cholesterol (2: D/egg phosphaddylcholine 
(×); Co) amphoteficin B-ergosterol (2:l)/egg phosphati- 

dylcholme (O). 
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Fig, 11. Mean area per molecule versus mole fraction of 
amphotericin B (AMB) at P = 20 naN. m -1 of amphoteficin 

B/egg phosphatidylcholine mixed monolayer. 

P = 20 raN. m - l  is reported. Indeed, for small 
mole fractions all the experimental points are 
located on a straight line. The area per molecule 
extrapolated from this line to mole fraction 1 is 
precisely one-third of the area per molecule of the 
sterol, suggesting a 2 :1  stoichiometry in the com- 
plex. We conclude that almost all the molecules of 
amphotericin B are desorbed except at high mole 
fraction of the complex. Thus with egg phos- 
phatidylcholine the complex became dissociated. 
To determine which interaction (egg phosphati- 
dylcholine-amphotericin B or egg phosphat,_'- 
dylcholine-sterol) competes with the formation of 
the amphoteficin B-sterol complex, ~ study ef the 
two binary mixtures egg phosphatidylcholine/ 
amphoteficin B and egg phosphatidylcholine/ 
steroi was also performed. 

Egg phosphatidylcholine / amphotericin B mix- 
tures and sterol/e~g phosphatidylcholine mixtures. 
T~,:, ~o~,~h~,as oI' the first set of mixtures were 
recorded and the curve mean area versus ampho- 
teric;.n B mo~e fraction at P = 20 mN.  m -1 is 
plotted in Fig. 11. All the, experimental points are 
located on a straight line which can be extrapo- 
lated to 0.1 mn 2 for pure amphotericin B, an area 
per mokcule that is much too small for the anti- 
biotic molecule. It is ia~erpre,'e~! that, except for 
high mole fractions, amphotericin B is practically 
completely desorbed from the monolayer. There- 
fore: the interaction between '.~mphotericin B and 
egg phosphafidylcholJne is very weak, in agree- 
men~ with the results of Demel et al. [11]. 
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Analogous investigations using egg phosphati- 
dylcholine/sterol mixtures have been performed 
by many authors, who described a condensation 
effect, leading to a complex with a stoichiome|r~: 
of 1:1 [17]. We observed that the same kind of 
results is obtained with ergosterol, but the interac- 
tion is weaker [18]. 

Discussion 

The simultaneous radiolabelling and surface 
pressure experiments show clearly a penetration of 
amphotericin B in phospholipid/sterol mono- 
layers. This penetration is limited and is probably 
followed by a simple adsorption of the antibiotic 
as oligomers on the polar surface of the mono- 
layer, which was confirmed by the compression 
isotherms of the amphotericin B-sterol/egg phos- 
phatidylcholine binary mixtures which showed an 
expulsio~ of the amphotericin B beyond a surface 
pressure close to 20 raN. m-1 which is precisely 
the maximum pr~'~sure reached in the penetration 
experiments. 

To check whethe,,' or not an amphotericin 
B/sterol monolayer spread on the water surface is 
identical to a pure sterol monolayer in which 
amphotericin B has penetrated from the subphase, 
a monolayer obtained by penetration of ampho- 
tericin B such those used in the first part of this 
work was rapidly decompressed and then com- 
pressed again. We observed that the curve ex- 
hibited the same trend as the isotherm correspond- 
ing to a 2 : 1 amphoterich'f'B/sterol mixture spread 
on water. This fact is consonant with the identity 
of spread and adsorbed monolayers as suown 
previously by Ter Minassian Saraga [19]. 

From these data, it is possible to make a .hy- 
pothesis concerning the mechanism of interaction 
of polyene with monolayers. In the concentration 
range studied h~ penetration experiments (5- 
10-7-5 .10  -6 ree l - l - I ) ,  polyenes are not in 
monomeric solution in the subphase, but mainly 
in oligomerie form [20], the hydrophobic heptaene 
backbones of the macrolide ring being in close 
contact. In order to be spread at the air/water 
interhce the oligomers dissociate. Polyene mole- 
cules then adopt a 'lying' position, exposing their 
hydrophobic heptaene b~ckbones to air. The as- 
sumption that, in order to penetrate, polyene in 

solution must first adopt a 'lying' position 
accounts for the great sensitivity of penetration to 
the initial pressure of the monolayer. With in- 
creasing surface c,~,ncentration and pressure, poly- 
eae molecules tend to adopt an 'erect' position, 
again forming oligomers in the monolayers, but of 
reverse structure, that is, with the hydrophilic 
moiety of the macrolide ring facing each other. 
The analysis of polarized absorption data pub- 
fished by Ockman [13] shows thv.t this ' e r~t '  
position is favored by the presence of storol. 
Moreover, from the continuous accumulation of 
molecules at the interface in spite of the stabiliza- 
tion of the surface pressure, it can be assumed 
that amphotericin B molecules can not only 
penetrate into the membrane but also be adsoroed 
on it. 

Our experimental results suggest furthermore 
the formation of an amphotericin B-storol com- 
plex with a 2:1  stoichiometry, c.onsonant with the 
formation of a dimer with amphotericin B mole- 
cules in 'erect' form whose association is energeti- 
cally favored. It would be interesting to examine 
whether this can be confirmed from the penetra- 
tion experiments. Indeed the corresponding pros- 
sure-concentration curves (Fig. 2) resemble Lang- 
muir adsorption isotherms, at variance with the 
adsorbed amount versus concentration curves. It 
could be :assumed that the former type would take 
into account only the penetration phenomenon 
while the latter would describe the global situation 
resulting hem penetration and adsorption. Thus, 
the pressure-concentration curves, dealing with the 
penetration only, should allow a choice between a 
1 : 1 or 2:1  binding model and a calculation of the 
affinity, but the Langmuir adso~tion isotherms 
concern the penetrated amount and not the pres- 
sure, which is an intensive parameter, the varia- 
tion of which is generally not proportional to 
penetrated amounts. Therefore calculations are 
physically significant only in the concentration 
range in which pressu~'e is proportional tc the 
amount of amphoteficin B present in the surface, 
assuming that the penetration is prominent in this 
case. 

We checked that this proportionality is ob- 
served for the lowes~ concentration only up to 
about 1.5.19 -6 mol. ! 1. ~Iow, it is obsvrved that 
in this range, within the accuracy in the measure- 
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men~s, me ~/P ¢~'sus 1 /C or 1/C 2 plot is not a 
straight line wha*e :er the binding stoichiometry, 
maybe because the hypothesis according to which 
the adsorption is negligible at low concentration is 
wrong. Thus it is not possible to deduce any 
binding stoichiometry or affinity constant from 
the penetration experiments. 

These monolayer studies throw some light on 
the data obtained concerning the binding of poly- 
ene to biological membranes, which otherwise 
would be difficult to interpret. Beezer and Sharma 
[21], measuring the binding of nystatin to yeast 
cells, found that this binding was not saturable up 
to 10 -5 tool-!  -1 and that the calculated area of 
the yeast plasma membrane was not large enough 
to accommodate the calculated surface occupied 
by the molecules bound at this concentration. 
More recently the binding of various amphotericin 
B derivatives to red blood cells [20] was not found 
to be saturable either in the range 10 -8 to 10 -5 
mol.  1-~, which can be explained if an adsorption 
en the membrane is combined with a penetration 
of antibiotic. This adsorption depends upon the 
amount of polyene already penetrated ia the 
mono!ayers. Indeed there is very little adsorption 
in pure sterol/phospholipid layers as shown by 
the very small radioactivit5 found above 20 raN.  
m-~. Therefore, it must be assumed that the poly- 
erie molecules are anchoring mainly on molecules 
already penetrated in the monolayer, in agreement 
with the;x strong tendency to self-associate. This 
accounts for the lack of correlation between the 
m ~ : ~ r e d  b~di/tg and the " - -  1._ "- io,Jup,,,,n,, acti-dty in 
the membrane, and may explain why saturable 
binding sRcs cannot be found. 

Our experimental results provide evidence, for 
the first time, that egg phosphatidylcholin¢ com- 
petes for sterol with amphotericin B. Thus the 
large discrepancy observed among the amphoten- 
cin B/sterol stoichiometries proposed by various 
authors can be explained by ~uch a competition 
mechanism which depends strongly on experh'nen- 
tal conditions. However, the fact that an anipho- 
tericin B-sterol complex seems to exist only in 

amphotericin B/sterol monolayers and is not de- 
tectable in the presence of phospholipids tends to 
indicate that, if it exists, tiffs complex is very 
loose, in contrast to filipin-sterol complexes, and 
its formation is very much dependent on the other 
membrane constituents. 

Referenccs 

I Kobayashi, C.S. and Medoff, G. (1977) Annu. Rev. Micro- 
biol. 31, 291-3{~8. 

2 Cybulska, B., l~erve, M., Borowski, E. and Gary-Bobo, 
C.M. (1986) Mol. PharmacoL 29, 293-298. 

3 Cheron, M., Cybulska, B., Mazerski, J., Brzybowska, J., 
C~e~.,infl~. A..rod Borowsld, E. 09881 Biochem. Pharma- 
col. 37, 827-836. 

4 Abramson, M.B. and Ockman, N. (1973) J. Colloid Inter- 
face Sci. 43, 530-538. 

5 Hsu Chen, C. and Feingold, D.S. (1973) Biochera. Biophys. 
Res. Commun. 51, 972-978. 

6 Presti, F.T. Pace, RJ. and Chan, S.T. (1982) Biochemistry 
21, 3831-3835. 

7 Finkelstein, A. and Holz, 17. (1973) in Membrane (Eisen- 
man, ed.), pp. 377-408, Marcel Dekker, New York. 

8 De Kruijff, B. and Demel, R.A. (1974) Biochim. Biophys. 
Acta 339, 57-70. 

9 Norman, A.W., Spielvogel, A.M. and Wong, R.G. (1976) 
Adv. Lipid Res. 12, 127-170. 

10 Medoff, G., Brajburg, J. and Kobayashi, G.S. (1983) Annu. 
Rev. PharrnacoL Toxicol. 23, 303-330. 

11 Demel, R.A., Van Deenen, L.L.M. and Kinsky, S.C. (1965) 
J. Biol. Chem. 240, 2749-2760. 

12 Demd, R.A., Crombag, FJ.L., Van Decnen, L.L.M. and 
Kinsky, S.C. (1968) Biochim. Biopbys. Acta 150, 1-12. 

13 Ockman, N. (1974) Biochim. Biophys. Acta 345, 263-282. 
14 Cybulska, B., Ziminski, E. and Gary-Bobo, C.M. (1983) 

Mol. Pharmacoi. 24, 2"10-276. 
15 Mechlinski, W. and Schaffner, C.P. (1972) J. Antibiot. 25, 

256-260. 
16 Patel, K.M. and Sparrow, J.T. (1979) J. C~omatogr. 150, 

542-547. 
17 Huang, C. and Mason, J.T. (1982) in Molecules in Bilayers 

(Martonosi, ed.), pp. 15-23, Academic Press, New York. 
18 Demel, R.A., Bruckdorfer, K.R. and Van Deenen, L.L.M. 

(1972) Biochim. Biophys. Acta 255, 311-320. 
19 Ter Minassian Saraga, L. (1955) J. Chem. Phys. 52, 95-103. 
20 Mazerski, J., Bolard. J. and Borowski, E. (1982) Biochim. 

Biophys. Acta 719, 11-17. 
21 Beezer, A.E. and Sharma, P.B. (1981) Microbios 30, 

139-151. 


